Abstract: Many applications of thin films necessitate detailed information about their thicknesses and sound velocities. Here, we study SiO 2 /LiNbO 3 layer systems by picosecond photoacoustic metrology and measure the sound velocities of the respective layers and the film thickness of SiO 2 , which pose crucial information for the fabrication of surface-acoustic-wave filters for communication technology. Additionally, we utilize the birefringence and the accompanying change in the detection sensitivity of coherent acoustic phonons in the LiNbO 3 layer to infer information about the LiNbO 3 orientation and the layer interface.
Introduction
Thin film technology forms the core of current semiconductor industries. One important sector is the fabrication and development of electro-acoustic filters often used in modern mobile phones [1, 2] . Many applications require an exact knowledge of film thicknesses in the nanometer range, as well as their respective sound velocities which depend on the strain inside the films. Here, we present an approach to measure both quantities simultaneously by means of time-resolved photoacoustic spectroscopy [3, 4] in thin SiO 2 films. This method has already been employed for measurements in similar systems, although without birefringent layers [5] . We additionally show that the polarization-dependent detection in LiNbO 3 can be utilized to reveal information about the LiNbO 3 crystal orientation and the SiO 2 /LiNbO 3 interface [6] [7] [8] . This approach can also be applied to characterize a variety of further complex layer systems based on e.g., birefringent polymers [9] , nanocomposites [10] , or indium tin oxide (ITO)-based [11] devices. In addition, newly emerging materials, e.g., nanowire-based assemblies [12, 13] exhibiting strong birefringence could be interesting to study from a more fundamental research point of view.
Materials and Methods
The structure of the investigated sample is depicted in the inset of Figure 1 . It is composed of four layers, from bottom to top, i.e., 100-nm aluminium prepared by thermal evaporation (the Al layer is used in subsequent lithography steps in industrial applications), 325-µm lithium niobate, and 1140-nm silicon dioxide prepared by reactive direct current-pulsed magnetron sputtering in addition to radio frequency bias on the substrate holder. The fourth layer is a chromium layer with a thickness of 18 nm, which is used as a transducer on top of the sample in order to generate the photoacoustic signal through pulsed laser excitation. We use high-speed asynchronous optical sampling (ASOPS), a femtosecond time-resolved pump-probe technique [14] [15] [16] , to perform the experiments. Two mode-locked femtosecond Ti:sapphire lasers (Gigajet Twin series, Laser Quantum GmbH, Konstanz, Germany), operating at 800 MHz, generate the pump and the probe pulse, respectively, with a stabilized offset of the repetition rates of 5 kHz. A 50× near infrared microscope objective (Mitutoyo, Sakado, Japan) was used to focus the laser beams to a spot size on the sample of about 2 μm. The experiments were performed in a collinear setup in reflection geometry. Pump and probe powers were about 18 mW and 3 mW and the wavelengths were 790 nm and 820 nm, respectively.
Results and Discussion
The sample is excited from the Cr film side. In Figure 1 , a typical transient of the reflectivity change ΔR/R after the optical excitation is shown.
A strong response in the first few tens of picoseconds is visible, which is caused by the fast electronic response in the Cr film [17] [18] [19] : the short laser pulse excites hot electrons inside the optoacoustic metal transducer which transfer their excess energy to the lattice via electron-phonon scattering. This process generates an impulsive strain pulse in the Cr film which propagates with the longitudinal speed of sound through the layer structure. Through the semi-transparent Cr film, the propagating strain pulse is monitored. Partially reflected probe light from the strain pulse is the origin of the associated change in the refractive index. This light interferes with the light being reflected from the top of the sample, giving rise to so-called time-resolved Brillouin oscillations with frequencies corresponding to the speed of sound in the material [20] . The acoustic pulse causes a small variation of the local index of refraction, which in turn results in a small portion of the probe light to be reflected at this position. Due to interference of the reflected light from the travelling pulse and the static sample interfaces, an oscillatory behavior can be observed in the time domain. The beginning of the oscillation is dominated by the signal from the SiO2 layer. After the pulse propagates through the SiO2, it is back reflected at the interface to the LiNbO3 layer which can be vaguely observed as a phase shift in the transient at 185 ps. From this point on, both SiO2 and LiNbO3 contribute to the signal of the transient, which consists of their time-resolved Brillouin oscillations. Figure 2a shows the extracted oscillations without the electronic background from the transient of Figure 1 . The fast and slow decay components of the background signal mainly stem from electron-phonon scattering and thermal diffusion in the Cr layer, respectively [17] [18] [19] . In Figure 2c We use high-speed asynchronous optical sampling (ASOPS), a femtosecond time-resolved pump-probe technique [14] [15] [16] , to perform the experiments. Two mode-locked femtosecond Ti:sapphire lasers (Gigajet Twin series, Laser Quantum GmbH, Konstanz, Germany), operating at 800 MHz, generate the pump and the probe pulse, respectively, with a stabilized offset of the repetition rates of 5 kHz. A 50× near infrared microscope objective (Mitutoyo, Sakado, Japan) was used to focus the laser beams to a spot size on the sample of about 2 µm. The experiments were performed in a collinear setup in reflection geometry. Pump and probe powers were about 18 mW and 3 mW and the wavelengths were 790 nm and 820 nm, respectively.
The sample is excited from the Cr film side. In Figure 1 , a typical transient of the reflectivity change ∆R/R after the optical excitation is shown.
A strong response in the first few tens of picoseconds is visible, which is caused by the fast electronic response in the Cr film [17] [18] [19] : the short laser pulse excites hot electrons inside the optoacoustic metal transducer which transfer their excess energy to the lattice via electron-phonon scattering. This process generates an impulsive strain pulse in the Cr film which propagates with the longitudinal speed of sound through the layer structure. Through the semi-transparent Cr film, the propagating strain pulse is monitored. Partially reflected probe light from the strain pulse is the origin of the associated change in the refractive index. This light interferes with the light being reflected from the top of the sample, giving rise to so-called time-resolved Brillouin oscillations with frequencies corresponding to the speed of sound in the material [20] . The acoustic pulse causes a small variation of the local index of refraction, which in turn results in a small portion of the probe light to be reflected at this position. Due to interference of the reflected light from the travelling pulse and the static sample interfaces, an oscillatory behavior can be observed in the time domain. The beginning of the oscillation is dominated by the signal from the SiO 2 layer. After the pulse propagates through the SiO 2 , it is back reflected at the interface to the LiNbO 3 layer which can be vaguely observed as a phase shift in the transient at 185 ps. From this point on, both SiO 2 and LiNbO 3 contribute to the signal of the transient, which consists of their time-resolved Brillouin oscillations. Figure 2a shows the extracted oscillations without the electronic background from the transient of Figure 1 . The fast and slow decay components of the background signal mainly stem from electron-phonon scattering and thermal diffusion in the Cr layer, respectively [17] [18] [19] . In Figure 2c , the Fast Fourier Transformation (FFT) of the extracted signal of Figure 2a is shown. We present the FFT of the full measurement range because the results obtained for each region separately for the respective frequency peaks are within the error of 1 GHz. The peak at 20.5 GHz originates from the Brillouin oscillation in SiO 2 and the one at 38.9 GHz from the Brillouin oscillation in LiNbO 3 . This allows us to calculate the longitudinal sound velocities v in the respective media by the Brillouin frequencies, which are given by f = 2 nv/λ, with n representing the refractive index in the respective media and λ representing the wavelength of the probe light. For SiO 2 , we obtain a longitudinal sound velocity of v = 5797 m/s (±141 m/s) which is in very good agreement with the literature value of 5800 m/s [21] . The uncertainty of the sound velocity takes into account that we have a measurement inaccuracy of the frequency of ±0.5 GHz. This approach is, however, more complicated in LiNbO 3 , as we will discuss in the following. We observe no contribution from the Al layer in our measurements, which would yield a mode at f = (2n − 1)v/4d = 16 GHz for n = 1 and with the longitudinal sound velocity of Al of v = 6320 m/s [22] Brillouin oscillation in SiO2 and the one at 38.9 GHz from the Brillouin oscillation in LiNbO3. This allows us to calculate the longitudinal sound velocities v in the respective media by the Brillouin frequencies, which are given by f = 2nv/λ, with n representing the refractive index in the respective media and λ representing the wavelength of the probe light. For SiO2, we obtain a longitudinal sound velocity of v = 5797 m/s (±141 m/s) which is in very good agreement with the literature value of 5800 m/s [21] . The uncertainty of the sound velocity takes into account that we have a measurement inaccuracy of the frequency of ±0.5 GHz. This approach is, however, more complicated in LiNbO3, as we will discuss in the following. We observe no contribution from the Al layer in our measurements, which would yield a mode at f = (2n − 1)v/4d = 16 GHz for n = 1 and with the longitudinal sound velocity of Al of v = 6320 m/s [22] and the thickness d = 100 nm of the Al layer. In particular, they observe a strong polarization dependence of the observed Brillouin mode amplitudes caused by different photoelastic constants for their respective polarization orientations. X-ray measurements revealed for our LiNbO3 layer a crystal orientation of (114), which results in a tilt of the crystal of 6.1° against the Z-axis. From this, we can calculate the refractive indices to be no = 2.250 and ne = 2.249, i.e., almost identical values, for the negative birefringent crystal. Thus, we obtain for the measured frequency f = 38.9 GHz in LiNbO3 a sound velocity of v = 7090 m/s (±90 m/s). We can calculate with the Christoffel equation [24] the expected sound velocities in LiNbO3 along the (114) direction, which are vl = 7245 m/s for the quasi-longitudinal mode, and vt1 = 3662 m/s and vt2 = 3540 m/s for the two quasi-transverse modes. In order to check the possibility of a signal contribution from the transverse components, we also calculate the expected Brillouin frequency of f ≈ 20 GHz. Indeed, we observe an additional mode close to this frequency in the FFT spectrum displayed in Figure 2 . However, an unambiguous assignment is not possible due to the 3 . In particular, they observe a strong polarization dependence of the observed Brillouin mode amplitudes caused by different photoelastic constants for their respective polarization orientations. X-ray measurements revealed for our LiNbO 3 layer a crystal orientation of (114), which results in a tilt of the crystal of 6.1 • against the Z-axis. From this, we can calculate the refractive indices to be n o = 2.250 and n e = 2.249, i.e., almost identical values, for the negative birefringent crystal. Thus, we obtain for the measured frequency f = 38.9 GHz in LiNbO 3 a sound velocity of v = 7090 m/s (±90 m/s). We can calculate with the Christoffel equation [24] the expected sound velocities in LiNbO 3 along the (114) direction, which are v l = 7245 m/s for the quasi-longitudinal mode, and v t1 = 3662 m/s and v t2 = 3540 m/s for the two quasi-transverse modes. In order to check the possibility of a signal contribution from the transverse components, we also calculate the expected Brillouin frequency of f ≈ 20 GHz. Indeed, we observe an additional mode close to this frequency in the FFT spectrum displayed in Figure 2 . However, an unambiguous assignment is not possible due to the overlap with the SiO 2 mode. We will show in the following how the polarization-dependent signal detection of the quasi-longitudinal mode can be utilized in our measurements. Figure 2b ,d depict the extracted oscillation and the respective FFT of a measurement of the sample with a different probe pulse polarization (roughly perpendicular polarization with 40 • instead of 120 • , the 0 • polarization angle was chosen arbitrarily). While there is a strong contribution from the LiNbO 3 layer to the time domain signal in Figure 2a , a change in the probe pulse polarization can almost completely suppress it, as evidenced by the signal in Figure 2b and the corresponding FFTs where the respective contributions are marked. This behaviour contains different types of information which we can exploit. If only the contributions from SiO 2 are detected, as in Figure 2b , the discontinuities caused by the acoustic pulse while propagating through the SiO 2 /LiNbO 3 interface and the arrival at the sample surface can be clearly identified. This allows us to obtain the time of flight t = 185 ps in the SiO 2 layer, which yields (in combination with the earlier calculated sound velocity) the thickness d = tv = 1072 nm (±26 nm) of the SiO 2 layer. Here, we are in excellent agreement with the nominal thickness of d = 1140 nm measured with ellipsometry. We want to emphasize at this point that the only a priori knowledge we use for the data evaluation is the index of refraction of the SiO 2 layer, a quantity which is readily available by means of e.g., ellipsometry. Thus, we can obtain the longitudinal sound velocity and the layer thickness simultaneously in one measurement.
It must be pointed out that the features visible in Figure 2b , i.e., the pulses at 185 ps and 368 ps, are already present in Figure 2a , but are hard to distinguish due to the superposition with the LiNbO 3 signal. Here, at 368 ps an acoustic pulse echo after one roundtrip through the SiO 2 becomes visible. To be more precise, the weaker Brillouin oscillation in the SiO 2 can now be observed in the time span from 185 ps to 368 ps. The decrease in amplitude is mainly due to the decrease in the acoustic pulse amplitude caused by the partial transmission of the acoustic pulse into the LiNbO 3 layer. For SiO 2 , we cannot obtain any information about the acoustic damping due to the relatively small thickness of the layer. Fits to the experimental data do not reveal a significant decrease in the amplitude. However, the LiNbO 3 layer is thick enough to obtain information on the damping. We obtain a full width at half maximum of 1.56 ± 0.2 GHz from a Lorentzian fit of the corresponding FFT peak, which is consistent to a damping time of 217 ± 20 ps in the time domain obtained by a damped sinusoidal fit. This results in an acoustic absorption coefficient of α 1 = 4.4 × 10 3 cm −1 . Compared to the acoustic absorption obtained from the data presented by Lejman et al. in Reference [23] , for the Z-cut LiNbO 3 crystal (which is close to our orientation) a considerable decrease in the acoustic absorption is also readily apparent in the time domain measurements, and yields an acoustic absorption coefficient of α 2 = 2.42 × 10 3 cm −1 extracted from the data. The distinct difference may be caused by different film/crystal qualities as well as the fact that our strain pulse is only quasi-longitudinal.
A more detailed look at the probe polarization dependence of the LiNbO 3 signal is shown in Figure 3 . The polarization of the probe laser pulse was systematically varied with a half-wave plate. Figure 3 shows the maximum of the amplitude of the FFT resulting from the LiNbO 3 substrate plotted versus the rotation angle of the probe laser pulse polarization.
The peak of the amplitude shows a sinusoidal behaviour with π periodicity fitted to the data points (solid red line) similar to the findings and theoretical considerations in Reference [23] . Here, it is important to note that only the detection sensitivity is influenced. The acoustic pulse still propagates in the LiNbO 3 layer of the sample.
As described in detail in Reference [23] and summarized shortly above, the polarizationdependent elimination of the signal of LiNbO 3 can be explained by the mode conversion process and the polarization-dependent photoelastic constants in the uniaxial birefringent ferroelectric material. Dependent on the LiNbO 3 orientation, probing at normal incidence and in backscattering geometry up to three different Brillouin frequencies can be detected, for ordinary and extraordinary refractive indices as well as a combination of both. This raises the question why we observe only a single Brillouin frequency. In fact, the expected shift for the two polarizations is about 1.4 GHz (as fo/fe = no/ne = 1.037 for 820 nm) and is thus close to the resolution limit of our system. However, a closer look reveals that we indeed observe a small shift of approximately 0.4 GHz of the Brillouin frequency for orthogonal polarizations, as depicted in the inset in Figure 2d . Nevertheless, with the current system configuration we will not be able to resolve two or three individual modes. This information would indeed be highly desirable to obtain, as the mode occurrence yields information about the LiNbO3 crystal orientation. It would be possible to improve the results by lowering the probe wavelength to around 400 nm in order to increase the obtained frequency shift and reduce the influence of measurement inaccuracies.
Although we cannot deduce the exact crystal orientation due to the discussed limitations, we can conclude from the pump-probe measurements themselves that the investigated LiNbO3 layer does not exhibit a Z-cut orientation (001) where the optical axis is perpendicular to the sample surface, because no polarization dependence is expected in this case. Additionally, it is unlikely that the sample shows an X-(100) or Y-cut (010) orientation [25] : comparing the modulation depth in Figure 3 to the results obtained in Reference [23] as well as the observed sound velocities hint to an orientation not identical but close to the Z-axis, which was indeed corroborated by the X-ray measurements.
Furthermore, we want to mention the possibility of obtaining the acoustic reflection coefficient r between the SiO2 and the LiNbO3 layer by comparison of the Brillouin amplitudes in Figure 2b before and after the first discontinuity. In this way, we obtain an experimental value of r = 0.35. With the earlier determined sound velocities of SiO2 and LiNbO3, the reflection coefficient for an assumed perfect interface can be calculated to be r = (ZLiNbO-ZSiO2)/(ZLiNbO+ZSiO2). For our crystal orientation of (114) with an acoustic impedance Z = ρv, we can calculate r = 0.37. This finding indicates a very good interface adhesion between the respective layers. The small deviation from the reflection coefficient obtained experimentally from the amplitudes can be explained by the measurement inaccuracy. Additionally, it is possible that an interdiffusion at the SiO2/LiNbO3 interface appears, which can enhance the acoustic transmission. Indeed, such an interface has been observed in similar layer systems after annealing due to diffusion [26] .
Conclusions
Time-resolved photoacoustic metrology is applied to characterize SiO2/LiNbO3 layer systems. The polarization-dependent detection in LiNbO3 due to birefringence is utilized to infer information about the sound velocities and film thicknesses, as well as the LiNbO3 crystal orientation and the layer interface. We show that the possibility to minimize the LiNbO3 signal contribution by proper choice of the detection pulse polarization can be utilized to obtain more information about the layer structure than is usually possible in similar approaches. This approach is not limited to the layer This raises the question why we observe only a single Brillouin frequency. In fact, the expected shift for the two polarizations is about 1.4 GHz (as f o /f e = n o /n e = 1.037 for 820 nm) and is thus close to the resolution limit of our system. However, a closer look reveals that we indeed observe a small shift of approximately 0.4 GHz of the Brillouin frequency for orthogonal polarizations, as depicted in the inset in Figure 2d . Nevertheless, with the current system configuration we will not be able to resolve two or three individual modes. This information would indeed be highly desirable to obtain, as the mode occurrence yields information about the LiNbO 3 crystal orientation. It would be possible to improve the results by lowering the probe wavelength to around 400 nm in order to increase the obtained frequency shift and reduce the influence of measurement inaccuracies.
Although we cannot deduce the exact crystal orientation due to the discussed limitations, we can conclude from the pump-probe measurements themselves that the investigated LiNbO 3 layer does not exhibit a Z-cut orientation (001) where the optical axis is perpendicular to the sample surface, because no polarization dependence is expected in this case. Additionally, it is unlikely that the sample shows an X-(100) or Y-cut (010) orientation [25] : comparing the modulation depth in Figure 3 to the results obtained in Reference [23] as well as the observed sound velocities hint to an orientation not identical but close to the Z-axis, which was indeed corroborated by the X-ray measurements.
Furthermore, we want to mention the possibility of obtaining the acoustic reflection coefficient r between the SiO 2 and the LiNbO 3 layer by comparison of the Brillouin amplitudes in Figure 2b before and after the first discontinuity. In this way, we obtain an experimental value of r = 0.35. With the earlier determined sound velocities of SiO 2 and LiNbO 3 , the reflection coefficient for an assumed perfect interface can be calculated to be r = (Z LiNbO − Z SiO 2 )/(Z LiNbO + Z SiO 2 ). For our crystal orientation of (114) with an acoustic impedance Z = ρv, we can calculate r = 0.37. This finding indicates a very good interface adhesion between the respective layers. The small deviation from the reflection coefficient obtained experimentally from the amplitudes can be explained by the measurement inaccuracy. Additionally, it is possible that an interdiffusion at the SiO 2 /LiNbO 3 interface appears, which can enhance the acoustic transmission. Indeed, such an interface has been observed in similar layer systems after annealing due to diffusion [26] .
Time-resolved photoacoustic metrology is applied to characterize SiO 2 /LiNbO 3 layer systems. The polarization-dependent detection in LiNbO 3 due to birefringence is utilized to infer information about the sound velocities and film thicknesses, as well as the LiNbO 3 crystal orientation and the layer interface. We show that the possibility to minimize the LiNbO 3 signal contribution by proper choice of the detection pulse polarization can be utilized to obtain more information about the layer structure than is usually possible in similar approaches. This approach is not limited to the layer materials discussed herein, but can in general increase the feasibility of picosecond ultrasonic measurements in samples where birefringence is present.
